ABSTRACT In the study of the frequency domain crosstalk for twisted pair, the traditional alternating inversion model is often built under the ideal condition of lossless and uniform media, ignoring the length of the twisted section. This paper focuses on the impact of these non-ideal conditions on crosstalk, applying the cascaded transmission line theory of Paul and McKnight to predict near-end crosstalk (NEXT) of two pairs of twisted wire pair (TWP) which are placed above a perfectly conducting ground or in a cylindrical ideal conductive shell. This paper put forward the non-uniform-media layered connection method (NLCM) to solve the parasitic parameter matrix, taking two layers as an example. Based on the deduced chain parameter matrix and boundary conditions, the exact crosstalk solution is obtained. All theories in this paper are of great significance to the EMC design of high-speed data transmission systems, providing the theoretical support for predicting NEXT within each device or system.
I. INTRODUCTION
With a noticeable trend towards smaller, lighter and multifunctional electronic equipment, the electromagnetic space within the equipment is greatly reduced, a variety of crosstalk, electromagnetic interference and signal integrity issues caused by the twisted wire pair (TWP) become increasingly serious [1] , [2] . Crosstalk is random, but in a deterministic model, crosstalk is essentially accurate [3] . Based on the classical and typical multiconductor-transmission-line (MTL) model, applying the cascaded transmission line theory of Paul and McKnight [4] , [5] , the simplified alternative inverted twisted pair model was established and has been continuously applied in more complex electromagnetic environment, mathematical and probability model [3] , [6] .
Spadacini et al. considered the influence of factors related to the pitch non-uniformity of twisted pair on crosstalk [7] . Spadacini et al. predicted the crosstalk caused by nonuniform incident electromagnetic fields of lossless TWP harness above the ground in [8] , in which the non-uniform MTL was treated as an equivalent uniform MTL with averaged
The associate editor coordinating the review of this manuscript and approving it for publication was Andrei Muller. parasitic parameters. Considering the impracticality of a particular mathematical model, crosstalk was studied based on statistical models in [9] . The above two papers analyzed the influence of insulating coating only via MoM simulation but did not deduce the closed solution under the conditions of non-uniform media. Grassi and Pignari studied the sensitivity of the load to crosstalk by fine tuning the load [10] . The second-order effect, the dual-Slope behavior (crosstalk increases with 40 dB instead of 20 dB per decade), was further analyzed in [11] . The paper [12] proved that the coupling generated by the terminal is dominant, regardless of the number of nodes, compared with the coupling produced by the twisted sections. The paper [6] and [13] analyzed the impact of twist-pitch non-uniformity on crosstalk in twisted wire pairs, but the difference is that the former analyzed whether the random non-uniformity of the twist pitch can reduce crosstalk, and the latter analyzed the effect of pitch error on the level of interference.
Many of the above studies are based on ideal conditions, such as 1) the length of the twisted section is regarded as zero, 2) conductor is ideal, 3) the media surrounding the conductor is lossless and uniform and so on. Which leads to the strong limitations of crosstalk prediction. In particular, the distance between the wires in the twisted section changes with the position, resulting in the parasitic parameters are not uniform, and the calculation of the parasitic parameters is complex and relatively difficult in the case of non-uniform media. Chain parameter matrix changes with the parasitic parameters, thus affecting the final crosstalk value solution.
At present, most of the papers still model the twisted pair as the series of parallel and twisted parts, but in the actual derivation and simulation, the twisted length is regarded as zero, only the inversion matrix P represents the twist. Considering the twisted length will be closer to the actual model, and the crosstalk obtained is closer to the actual value.
In this paper, we establish a new model to represent the lossy and non-uniform twisted-wire pairs considering the length of the twisted section, which are commonly used in control circuits, for crosstalk simulations of lossy and non-uniform twisted wire pair in cable using the frequency-domain research.
This paper is outlined as follows. In Section II, the crosstalk model of the twisted wire pair is established. This part include its circuit model, mathematical model and parameter solution. What's the most important is solving the parasitic parameter under the strict restrictions on non-uniform media. In Section III, the NEXT is obtained by deriving the chain parameter matrix and setting the boundary condition. Several simulations in different conditions reported in Section IV assess the computational efficiency of the model and shows the crosstalk intuitively.
II. CROSSTALK MODEL OF THE TWISTED WIRE PAIR
In this paper, we establishe two crosstalk models, as shown in Fig.1 . Two pairs of twisted pair with insulating layer are the object of study, which are placed above the perfectly conducting ground (shown in Fig.1 (a) ) or in the cylindrical ideal conductive shell (shown in Fig.1 (b) ), whose transverse cross section is uniform. The transmission lines are limited to lossy and non-uniform transmission lines, whose conductor is not ideal, the media around the conductor is lossy and is non-uniform.
Since the two wires forming each TWP are wound into a bifilar helix, the cross section of the structure is variable. However, by assuming that relative positions of two TWPs are invariant, the cross-sectional structure can be represented as shown in Fig.1 . Wires 1 and 2 in the twisted wire pair are connected to the voltage source Vs. They acts as the aggressor in this configuration. Wires 3 and 4 in the twisted wire pair act as the victim pair. All wires are assumed to have the same radius. The radius of the inner conductor is r w = 0.4064mm, the outer radius of the insulating layer is r m = 0.889mm. The height above ground is h G = 3cm and the horizontal distance between the wires is d G = 2 cm in Fig.1 (a) . The inner radius of the conductive shell is r s = 1.778mm. The distance between the ith wire and the center of the shell is d i and the angle between the ith wire and the jth wire is θ ij in Fig.1 (b) . Part of the electric field exists in the region of the lossy insulating media, and the other part is in the free space. All wires have two different dielectric regions, with lossy and non-uniform dielectric parameters:
Insulating layer: ε, µ 0 , tan δ (loss tangent), r w < r < r m Free space: ε 0 , µ 0 , r m < r in Fig.1(a) , r m < r < r s in Fig.1(b) .
Complex dielectric constant of insulating layer:
A. Modeling
In this chapter, we establishe the new two-point periodic alternate crosstalk circuit model of twisted pair, the microelement equivalent circuit model, and applied the specific transmission line equation including the loss parameters.
The new two-point periodic alternate crosstalk circuit model of twisted pair is shown in Fig.2 .The excitation source is a boardband frequency signal with |V S | = 1V, internal resistance R s = 10 . The other loads at both ends are set to R x = 30 (x is the subscript of each resistance).Each half reverse cycle consists of a parallel section and twisted section, the twisted section includes non-parallel part X 1 −X 2 , X 2 −X 3 and the intersection point p, as shown in Fig.2 . The length of the parallel section is l. The length of twisted section is 2l , one half of that is l .
If we take a micro-element in the non-parallel part of every twisted part, the four micro-lines can also be regarded as parallel lines, but the line-line distance varies linearly with the position. Therefore, every section can be represented by traditional MTL equivalent circuit model. The model is shown in Fig. 3 (without loss of generality, n is set to 4 here).
The relationship of the transmission line voltages and currents can be determined as follows:
where l ii is the averaged self-inductance of the wire, respectively, and l ij is the averaged mutual inductance between the ith wire and the jth wire, l ij = l ji .Similarly, the capacitance, conductance and resistance have the consistent representations. Convert the formulas into matrix formula, that is 
where the parasitic parameter matrixes L, R,C and G are assumed to have the balanced structure perfectly.
B. PARASITIC PARAMETER SOLVING
Next we solve the various parameters in the micro-element circuit model. This is the premise for solving crosstalk. For the case where the transmission line is placed on the ground plane, detailed reasoning of parasitic parameters in non-uniform media is not performed (the formula can be derived on the basis of the formulas in uniform media given in [16] ), only the final simulation result is given directly in section IV. This paper mainly deduces the parasitic parameters in a perfectly conductive cylindrical shell. Parasitic parameters are mainly affected by two factors, one is the varied line-line distance and the other is the non-uniformity of the media.
The line-line distance of cross section varies linearly with the infinitesimal section position, and the angle θ ij changes, resulting in parasitic parameters is not uniform. Each parasitic parameter is related to the position at which the twist portion is located. As seen in Fig. 4 of the illustration of axial wire spacing, h = a tan β. Divided the half of the twisted section into m parts, m is relatively large, so the length of each part is l = l /m. The similar approach is used in [14] .We take the part ith (a = i l ) in the direction, from the intersection to the parallel section. h i = i l tan β(tan β = r m /l ), the distance d i = d between the ith wire and the center of the shell and the angle θ ij between the ith wire and the jth wire as follows in the parallel section
• , cosθ ij = 0 (ij = 12, 24, 34, 13)
in the twisted section
Since the ideal conductive shell is considered in modeling, we can use the mirror image method [1] to calculate the parasitic inductance matrix for each dielectric area and total net inductance matrix, deriving the total net capacitance and conductivity matrix. This method is defined as nonuniform-media layered connection method (NLCM). Take two layers of media for example. Specific instructions are as follows.
The ideal conductive shell can be replaced with a mirror current, located in the radial direction. The distance from the center of the shell to the mirror current i of current i is r 2 s /d i , as shown in Fig.5 .
For insulating media, µ = µ 0 . Therefore, the averaged inductance is the same as that in the uniform media (free space), and is not affected by the non-uniform media. For the case where the conductor is surrounded by circular insulating media, the dielectric constant of the dielectric around the conductor is non-uniform. So the averaged capacitance, conductance is affected by non-uniform media. Define the averaged inductance matrices of the insulating layer and free space as L(INSUL) and L (FS) respectively. Similarly, the averaged complex capacitance matrices of the insulating layer and free space are defined asĈ(INSUL) and C(FS) respectively, which can be derived from (13) and (14) . If the dielectric constant is real, the capacitance matrix is real, otherwise, is complex.
L(INSUL)Ĉ(INSUL)
Since the surface r = r m of the two media is equipotential surface, the total complex capacitorĈ can be regarded as the series capacitance of each region, that iŝ
Then the net capacitance matrix C and net conductance matrix G can be obtained directly from the expression ofĈ.
From the above analysis we can see that we only need to solve the total parasitic inductance and parasitic inductance of each layer, including L, L(INSUL) and L (FS). The specific steps are as follows.
where,
In the model as shown in Fig.1 , r wi = r wj = r w , 
What's more, we can't ignore the skin effect [16] at high frequencies, the current tends to be concentrated on the conductor surface whose thickness is on the order of the skin depth. When the spacing between the wires is wide, the proximity effect is not noticeable, and the current is approximately symmetrical about the bobbin.
The net resistance is,
the skin depth is,
III. RESEARCH OF FREQUENCY DOMAIN SOLUTION
Under the condition that all parasitic parameters are known, we can solve the transmission line equation. In frequency domain, the crosstalk voltage was solved by combining chain parameter matrices and boundary conditions. The paper [15] applied this method in solving crosstalk current and detailed the specific process. The voltage and current of the beginning and that of the terminal are linked through the chain parameter matrix.
A. CHAIN PARAMETER MATRIX SOLUTION
The whole chain parameter matrix links the far-end crosstalk with the near-end crosstalk. Due to the application of parallel line cascade theory, as long as the parallel linear chain parameter matrix can be obtained, the chain parameter matrix of each part and the whole can be obtained by bringing the corresponding parameters. Convert (4) and (5) to frequency domain equations (46) and (47) [15] , [16] .That is
whereẐ
Assume that the frequency is fixed, the above equation is coupled, and the basic idea of solving the chain parameter matrix is to decouple the equations by similarity transformations. In order to realize the decoupling, the following modulus conversion is performed
Our goal is to obtain diagonalization ofẐŶ andŶẐ by similarity transformations. Since the conductors are identical, the insulating layers have the same thickness and the insulating media has the same dielectric constant, the dielectric surrounding the conductor exhibits a symmetry. As a consequence,ẐŶ andŶẐ are normative matrices that can be diagonalized, that iŝ
When the equation is decoupled,ˆ (z) represents the chain-parameter matrix of a lossy MTL with length z, we can get
The representation of equations (54)- (58) is equivalent to the equations (15)-(18) in paper [15] .
Define chain parameter matrix of semi-periodic aŝ l, l . Define chain parameter matrix of Parallel transmission section, non-parallel part of cross section and intersection point respectively asˆ (l) ,ˆ l , P. Take point X 0 and point X 3 as the key points to carry out half cycle research by fully applying the above (53)-(58) on parallel transmission line.
The chain parameter matrix of parallel lines isˆ (l).
The chain parameter matrix of each part in twisted section is related to the position. Different wire spacing leads to different parasitic parameter matrix, leading to different chain parameter matrix. The chain parameter matrix of part i iŝ l ,i , so the chain parameter matrix of entire twisted section is,ˆ
At the intersection, the voltage and the current on the different line of twisted-pair are exchanged, so the point also has the chain parameter matrix, that is, 
The paper [3] and [17] uses the same definition, based on the assumption that the twist occurs at zero distance.
The Chain parameter matrix of Semi-periodic X 0 -X 3 as shown in Fig.2 is:
For the twisted pair model whose number of half-twist twisted cycle is an integer, assuming that the model contains k full-twist cycles (k can be an integer, or an integer plus 1/2), namely, 2k half-twist cycles.
The length of each period is 2 l + l , N is an integer, then the transmission chain parameters of the whole model iŝ
B. BOUNDARY CONDITIONS
The chain parameter matrix only gives the relationship between the near-end crosstalk and the far-end crosstalk. In order to get the specific value of the near-end and far-end crosstalk voltage, we must combine the chain parameter matrix with the transmission line boundary conditions. The load is set to be strictly balanced. As a matter of fact, the existence of load imbalance and load difference will have a significant impact on crosstalk. For the model given in Fig. 2 , according to Kirchhoff's law, the initial boundary condition matrix equation is obtained, that iŝ
where
The terminal boundary condition matrix equation iŝ
Take the boundary equation into equation (53) for solution, voltage sources can be cast into closed form as
IV. SIMULATION VERIFICATION
This section covers the validation of the above methods and the simulation results of crosstalk based on the proposed model. Before simulating the model established in this paper, we should first verify the correctness of the theoretical derivation and crosstalk solving methods in this paper. We use the method in this paper to simulate the model in paper [3] (shown in Fig.6 ), based on the same simulation conditions. The simulation result are shown in Fig.7 . Comparing it with the simulation results in paper [3] (shown in Fig.8) , it is found that these curves achieve a good fit, which proves that the theoretical derivation and method of this paper is correct. 6 . Two parallel twisted wires pairs above perfect ground in paper [3] .
FIGURE 7.
The results simulated by the method of this paper of two parallel twisted wires pairs above perfect ground in paper.
FIGURE 8.
Simulation results of two parallel twisted wires pairs above perfect ground in paper [3] .
Next, in this section, we simulate the two proposed models and obtain the following result under various conditions, including the near end crosstalk-differential mode The NEXT-ratio of the resulting induced voltage V3(0) of the victim wire 3 and V1(0) of the transmitting wire 1 in Fig. 1(a) is shown in Fig. 9 . When the frequency is less than 100MHz, the dashed line is higher than the solid line so that using good insulating materials can effectively suppress crosstalk.
2) IMPACT OF THE TWISTED LENGTH ON CROSSTALK
Twisted pair is set to lossy and non-uniform. We only consider the impact of the twisted length 2l on crosstalk. The curve of voltage ratio as shown in Fig. 10 . When the TWP does not resonate, the dashed line is close to the solid line, but the dashed line is slightly higher than the solid line 1dB. This part ignores the insulation, turns free space into lossy atmospheric space with conduction loss only. Set the atmospheric conductivity σ 0 = 10 −6 . As shown in Fig.11 , if only the conduction loss is considered, the dielectric dissipation factor is crucial at frequency below 10 kHz. The conduction loss has a significant impact crosstalk at low frequencies. At other frequencies, the curves of lossless media and lossy media tend to be consistent. In addition, the crosstalk ratio of TWP that takes into account twisted length is 3dB smaller than that of TWP regards twisted length as zero, which virtually increases the interference in the magnetic field. When the frequency is higher than 10MHz, considering the twisted length reduces twist resonance phenomenon but increases the crosstalk. In practice, the wire usually has an insulating layer, its conductivity is less than 10 −8 . The greater the frequency, the greater the polarization loss so that conduction loss is Weakened. Thus, the polarization loss is far greater than the conduction loss. Moreover, the series complex capacitance of the double-layer dielectric weakens the loss to a certain degree. So the dielectric loss hardly affects the crosstalk of shield TWPs.
Predictions of differential crosstalk voltage and crosstalk voltage ratio are plotted in Fig. 12 . Comparing the results in Fig. 12 with the aforementioned results in Fig. 10 (above on the earth) , it is obvious that the crosstalk is less when the twisted length is taken into account than when the twisted length is taken as zero, regardless of whether the TWPs are in model 1 or model 2. But the latter is more sensitive to twisted length. The twisted length is considered to be zero, virtually increasing mutual inductance between TWPs, which is more obvious to model 2.
3) IMPACT OF THE MEDIA NON-UNIFORMITY ON CROSSTALK
Obviously, crosstalk with insulation is less than that without insulation at the frequencies below 10MHz, which is consistent with the general physical laws. The curves when the TWP in the conductive shell are more or less different from the curves when the TWP above the earth, as shown in Fig.13 .
With the increase of frequency above 10MHz, for the nonuniform TWP, the curves of crosstalk voltage and voltage ratio tend to be fixed, however, for the uniform TWP, the curves of voltage and voltage ratio is oscillating. That is, the insulated wire in the ideal shielding layer can avoid the distortion resonance phenomenon in a certain frequency range. In addition, by introducing the electromagnetic parameters of the insulating medium, the anti-interference performance of different materials can be compared.
4) IMPACT OF THE NON-UNIFORMITY TWIST CYCLE ON CROSSTALK
We artificially set transmission line models with uniform twist cycles and non-uniform twist cycles, which have the same length of 3.5cm, as shown in Fig.14 . As can be seen from Fig.15 , in the case of non-uniform twisting, the voltage ratio is no longer increased by 20 dB/decade, but by 40 dB/decade or more. Moreover, crosstalk in the case of uniform twist cycle is significantly higher than in the case of non-uniform twist cycle.
V. CONCLUSION
Due to the fact that the lossy and non-uniform TWPs model that fit in practical application comparatively has not been yet established, this paper has established two new models to calculate the crosstalk of lossy and non-uniform TWP considering the length of the twisted section, one above a perfectly conducting ground and one in a cylindrical ideal conductive shell. In this process, the nonuniform-media layered connection method (NLCM) is put forward to solve parasitic parameters. We derive the chain parameter matrix of lossy TWP, and obtain the final crosstalk value with the boundary conditions.
The transmission of high-speed data has certain restrictions on the twisted pair. The method presented in this paper can find important applications in the design of twisted pair in high-speed data transmission systems, such as the following configurations: wire width, insulation material, insulation thickness and layers. In particular, the method NLCM can be widely used to solve the parasitic parameters in electric field with complex structure and multi-dielectric media with high precision. The new crosstalk model is more realistic and can accurately calculate the crosstalk value. It can be used as a theoretical guide for similar problems in wire bundling and crosstalk solving.
